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abstract
Reverse osmosis (RO) water desalination is now well established as a mature water desalination 
technology. With the current generation of seawater and brackish-water RO membranes, it is now 
both economically and technically feasible to desalt brackish water and seawater on a large scale. 
In order to further expand the applications of RO desalting technologies, optimal process condi-
tions must be selected to minimize water production costs associated with energy consumption, 
membrane replacement costs, chemical usage, and residual brine concentrate management. In the 
present review, a multi-pronged process-optimization approach for reverse osmosis desalination 
is presented. A theoretical framework discussed for optimizing energy consumption with and 
without energy recovery devices (ERDs), considering the impact of membrane replacement and 
brine management costs. The approach enables quantification of the optimal water recovery of RO 
desalting, considering various factors including the use of energy recovery devices, the topological 
arrangement of membrane modules (e.g., single stage, multi-stage and multi-pass processes), and 
the costs associated with membrane replacement, brine treatment and brine disposal. Comparative 
analyses of single vs. two-pass RO desalting operation subject to temporally varying feed salin-
ity were carried out to demonstrate operational approaches for minimizing the specific energy 
consumption. In addition, the roles of brine treatment and disposal was analyzed to demonstrate 
the potential for optimizing RO desalting cost while taking into account the constraints imposed 
by antiscalant effectiveness against membrane scaling and the associated brine management chal-
lenge. The present analysis concludes that further reduction to RO desalination cost is less likely to 
arise from the development of membranes with higher permeability than the current generation, 
but is more likely to arise from optimal process configuration and control schemes, utilization of 
low-cost renewable energy sources, improvements in membranes’ fouling resistance and rejection 
with respect to specific contaminants, and developments of less-chemical intensive feed and brine 
treatment strategies. 

Keywords: Desalination; Reverse osmosis; Process economics; Membrane permeability; Thermo-
dynamic restriction; Brine management; Chemical demineralization; Brine treatment



 A. Zhu et al. / Desalination and Water Treatment 15 (2010) 256–266 257

1. Introduction — The thermodynamic restriction

Reverse osmosis (RO) membrane desalting is a lead-
ing technology for the production of potable water from 
saline water. The water production cost in a typical RO de-
salination plant consists of the cost of energy, equipment, 
membranes, labor, maintenance, chemicals, brine man-
agement, and financial charges. The energy consumption 
per volume of produced permeate (i.e., the specific energy 
consumption or SEC) may be a significant portion of the 
cost of RO desalting, depending on the applied pressure 
requirements with applied pressures that can reach up 
to about 6,895–8,274 kPa (~1,000–1,200 psi) for seawater 
desalting and in the range of 689–4,137 kPa (~100–600 psi) 
for brackish water desalting. Significant efforts, dating 
back to the initial days of RO development [1], have been 
devoted to minimizing the energy consumption of RO 
water desalination [2]. The emergence, in the mid 1990s, 
of highly permeable membranes with low salt passage 
[3] enabled significant reduction of the required applied 
pressures to attain practical levels of permeate flow. As a 
consequence, the operating pressures are now approach-
ing the osmotic pressure limits at the exit of RO mem-
brane modules [4–7] (Fig. 1). In order to produce permeate 
product water at reasonable fluxes, the old-generation of 
low permeability RO membranes required applied feed 
pressures that are significantly higher than the osmotic 
pressure differences between the membrane retentate and 
permeate sides (Fig. 1). In contrast, the current generation 
of high permeability membranes can desalt saline water 
at equivalent or higher permeate fluxes than that of the 
old-generation (low-permeability) membranes, but at 
much lower applied feed pressures. For this new class 
of high permeability (or low pressure) membranes, the 
osmotic pressure difference is a key factor in determining 
the feed-pressure requirement of RO desalting. 

Previous studies [2,5] have shown that in order to 
ensure permeate flux Jv (= Lp (ΔPm – σDp), where ΔPm 
and Dp are is the transmembrane and osmotic pressures 
differences across the membranes, Lp is the membrane 
permeability and σ is the reflection coefficient) productiv-
ity along the entire membrane module, the lower bound 
(or the imposed thermodynamic limit) on the applied 
feed pressure ΔP (= Pf – P0, where Pf and P0 are the water 
pressures at the entrance to the membrane module and 
raw feed water, respectively) for a target water recovery 
Y (= Qp/Qf, where Qp and Qf are the permeate and feed 
flow rates, respectively), is dictated by the so-called “ther-
modynamic” restriction. This thermodynamic restriction 
requires that ΔP ≥ Dpexit = p0R / (1 – Y) (Fig. 1), in which 
R is the fractional salt rejection, Dpexit is the osmotic pres-
sure difference at the exit of the membrane module, and 
p0 is the feed water osmotic pressure. With the current 
generation of polyamide thin-film-composite (TFC) RO 
membranes, it is now feasible for the RO process opera-
tion to approach the thermodynamic restriction. For ex-

ample, a recent study [8] has demonstrated RO desalting 
of seawater at 42.5% water recovery (at permeate flux of 
2.83×10–6 m3/m2·s or 6 gfd) using a feed-pressure (4654 kPa 
or 675 psi) that was only 15% higher than the osmotic 
pressure of the exit brine stream (4027 kPa or 584 psi). 

The potential of operating RO desalination near the 
thermodynamic restriction, presents a number of inter-
esting possibilities for optimizing the desalting process 
with respect to minimization of energy consumption. 
Accordingly, the present paper presents an overview of 
the optimization of single, multi-stage and two-pass RO 
operations, along with considerations of membrane cost 
and needed improvements in membrane performance. 
The impact of brine management costs (disposal and 
chemical demineralization) are then presented, along 
with considerations of the optimal permeate recovery 
for minimizing the water production cost. 

2. Single-stage RO optimization considering energy, 
membrane, and brine management costs

The impact of the thermodynamic restriction on the 
specific energy consumption for RO desalting, consider-
ing the effect of membrane and brine management costs, 
can be illustrated using a basic single-stage RO unit 
(Fig. 2). In this simplified system, the pressurized feed 
water stream is directed into the RO membrane module, 
where permeate water passes through the membrane 
while salts are rejected on the retentate side. The en-
ergy contained in the retentate stream is then partially 
recovered by an energy recovery device (e.g, a pressure 
exchanger) and transferred to the raw feed water. 

 

Osmotic pressure
barrier

Operating pressure ΔP
(a)  Low permeability membrane

Operating pressure ΔP
(b) High permeability  membrane

Fig. 1. Schematic illustration of the relationship between im-
posed feed pressure and feed-permeate osmotic pressure dif-
ference for low (a) and high (b) permeability RO membranes.
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2.1. Energy cost 

The energy cost in the basic single-stage RO desalting 
unit (Fig. 2) is primarily the electrical energy needed for 
the high pressure feed pump. The energy consumption 
per volume of produced permeate (i.e., the specific en-
ergy consumption or SEC) for RO desalting process that 
operates at the limit of the thermodynamic restriction 
(denoted by the subscript “tr” ) is given by [5]: 

( )ERD
ERD tr
tr,norm

0

1 (1 )SECSEC
(1 )

E

p

Y R
Y Y

−η −
= =

p η −
 (1)

where Y and R are the fractional water recovery and salt 
rejection, respectively, p0 is the feed osmotic pressure 
(Pa), and ηE and ηp are the ERD and pump efficiencies, 
respectively. It is noted that optimization of a system 
without an ERD would be equivalent to having an ERD 
with zero efficiency. The SEC, normalized with respect 
to the feed osmotic pressure, SECtr

ERD/p0, and plotted in 
Fig. 3, increases with decreasing ERD or pump efficiency. 
The optimal water recovery is independent of the pump 
efficiency, but it decreases with increasing ERD efficiency. 
The optimum water recovery is 50% for RO desalting 
without energy recovery. 

2.2. Membrane cost

The effect of membrane cost on water production cost 
can be evaluated by considering the amortized membrane 
cost per produced permeate (hereinafter referred to as 
the “specific membrane cost” or SMC). It is convenient 
to compare the membrane and energy costs on the same 
basis of energy units (i.e., Pa·m3). This conversion can be 
achieved [2], given an energy price, e.g., ε ($/kWh) and 
the conversion factor of β (Pa·m3/kWh). Accordingly, for 
a single-stage RO desalting at the limit of the thermody-
namic restriction, the specific membrane cost in terms of 
energy units (SMCtr

norm) is given by [6]: 

Fig. 2. Simplified schematic of a single-stage RO system with 
an energy recovery device (ERD).
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Fig. 3. Variation of the normalized SEC for a single-stage RO 
(targeting salt rejection of 99%) with fractional product water 
recovery (note: ηE and ηp represent the pump and ERD efficien-
cies, respectively) [5].
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where Y and R are the fractional target water recovery 
and salt rejection, respectively, π0 is the feed osmotic pres-
sure (Pa), ηE and ηp are the ERD and pump efficiencies, 
respectively, Lp is the membrane hydraulic permeability 
(m/Pa·s), and m is the amortized membrane price in 
equivalent energy units per unit area (m = βmA/ε where mA 
is amortized membrane unit price, $/m2·s). For the same 
product water recovery, the normalized specific mem-
brane cost (SMCtr

norm) decreases with increasing membrane 
hydraulic permeability, salt rejection and feed osmotic 
pressure. The implication of membrane permeability on 
RO desalting cost optimization is discussed in Section 2.4.
 
2.3. Brine management cost

RO desalting generates a byproduct concentrate 
(brine) stream that requires management that may in-
clude further treatment and disposal in an environmen-
tally acceptable manner. The specific brine management 
cost per unit volume of produced permeate (SBC) can be 
quantified by [2]: 

norm
0 0

SBC (1 )SBC b Y
Y
−

= =
p p

 (3)

where b is the concentrate (brine) management cost 
($/m3 brine volume) that can be expressed by equivalent 
energy units [2]. For a single-stage RO system with an 
ideal pump and without energy recovery (ηp = 1, ηE = 0), 



 A. Zhu et al. / Desalination and Water Treatment 15 (2010) 256–266 259

the combined costs of energy consumption and brine 
management (Fig. 4) are given as [2]:

ERD
tr,norm norm

0

1 (1 )SEC SBC
(1 )

b Y
Y Y Y

−
+ = +

− p
 (4)

for which the optimal water recovery that will minimize 
the RO process cost is found to be 

( )opt norm norm1 / 1 1Y b b= + + +

where bnorm = b/π0. As seen from Fig. 4, the inclusion of 
brine management cost shifts the optimal water recovery 
to higher values. 

2.4. Effect of membrane permeability on RO desalination cost 
for operation at the thermodynamic limit 

It is important to recognize that the energy cost of RO 
desalination is directly proportional to the product of the 
feed flow rate and the applied feed pressure. Therefore, 
for a desalting process operating at the thermodynamic 
limit, if the given assembly of high permeability mem-
branes can provide the targeted overall permeate flow 
and rejection for the prescribed feed flow rate, the energy 
cost would be independent of the membrane permeabil-
ity. This is clear in Eq. (1) in which the specific energy 
consumption (SEC) is independent of the membrane 
permeability. In other words, for the selected membranes, 
if one can operate the RO process sufficiently close to 
the thermodynamic limit for the desired salt rejection 
and overall permeate productivity, then selecting a yet 
higher permeability membrane would not significantly 
reduce the SEC. Nonetheless, the use of a more permeable 
membrane would reduce the needed membrane surface 
area for the same target product water recovery (Fig. 5) 
since SMC is inversely proportional to the membrane 
hydraulic permeability [Eq. (2)]. It should be recognized, 
however, that operation at a higher flux would then raise 
the concern of fouling and thus the need for membranes 
of increased fouling resistance.

The ratio of membrane cost relative to energy cost, 
SMCtr/SECtr, when the RO process operates at the ther-
modynamic limit, is obtained by dividing Eq. (2) by 
Eq. (1) [6]. 
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where RMEC = βmA/(εLpRtπ0
2) is a dimensionless cost fac-

tor. As an example (Fig. 6), when desalting seawater 
(35,000 mg/L TDS) at a water recovery of 40–50%, the ratio 
of the specific membrane cost (SMCtr) to the specific ener-

Fig. 4. Variation of the combined energy and brine manage-
ment costs with product water recovery for a single-stage RO 
(with an ideal pump but without energy recovery), operated 
at the limit of the thermodynamic restriction [2].

Fig. 5. Illustration of the effect of membrane permeability on 
the SEC and SMC for RO process operation at the thermody-
namic limit. 

gy consumption (SECtr) is MER ~0.08-0.15. The economic 
incentive for using more permeable membranes (i.e., of 
water permeability greater than the water permeability of 
the membrane of this example, Lp = 0.39×10–11 m3/m2·s·Pa) 
is low for seawater desalination and it decreases with in-
creased water recovery. Despite the modest percentage in 
water production savings that are expected, the absolute 
dollar savings may be measurable for large RO plants, 
given that a smaller plant footprint may be realizable. In 
contrast, when desalting brackish water of ~3,500 mg/L 
TDS, there is clearly an incentive for reducing membrane 
cost at low water recovery since the specific membrane 
cost is higher than the specific energy consumption. It 
is likely that this benefit would be offset by the higher 
brine management cost at low water recovery. On the 



260  A. Zhu et al. / Desalination and Water Treatment 15 (2010) 256–266

other hand, as the product water recovery increases, the 
specific energy cost increases while the SMC decreases, 
thus diminishing the economic incentive of developing 
more permeable membranes for high recovery brackish 
water desalting. 

It is important to state that operation with non-ideal 
feed pumps and ERDs (i.e., ηp < 1 and ηE < 1) will lower 
the MER [Eq. (5)] and correspondingly also decrease the 
incentive for significantly higher membrane permeability. 
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Fig. 6. Variation of the ratio of specific membrane (SMCtr) to 
specific energy (SECtr) costs for RO desalting (with energy 
recovery of 100% efficiency) operated at the limit of thermo-
dynamic restriction. The inset graph depicts the dependence 
of the specific energy consumption, normalized with respect 
to the feed osmotic pressure. In computing the RMEC, the 
membrane price and useful life were assumed to be 10 $/m2 
and 5 years respectively, the energy price was assumed to be 
~$0.085/kWh (annual average of US 2009 industrial/commer-
cial electricity cost), and the membrane permeability was set 
to Lp = 0.39×10–11 m3/m2·s·Pa for seawater desalting (i.e., the 
dotted line) and Lp = 2.2×10–11 m3/m2·s·Pa for brackish water 
desalting (i.e., the dashed line). 

Therefore, it is reasonable to conclude that significant re-
duction in the cost of RO water desalination is less likely 
to be the outcome of significantly more permeable mem-
branes, but is more likely to arise from the development 
of fouling and scale resistant membranes, optimization 
of process configuration and control schemes (e.g., to 
account for feed salinity fluctuation [7] and even tem-
poral fluctuation of electrical energy purchasing price), 
utilization of low cost renewable energy sources, as well 
as more effective and lower cost feed pretreatment and 
brine management approaches as discussed in Section 4.

3. RO process configuration

The basic building blocks of RO plants are a single-
stage, two-stage and two-pass process units that can 
be combined to yield plants of various configurations. 
Optimization of each of these plant building blocks, spe-
cifically with respect to operation at the thermodynamic 
limit, is essential to RO plant optimization.

3.1. Two-stage RO system is more energy efficient than single-
stage

Recent comparison [2] of the SEC for a two-stage RO 
(Fig. 7) and a single-stage RO process without ERDs (at 
the same overall water recovery) showed that the energy 
savings due to the adoption of the two-stage process 
over the single-stage process is more significant at high 
overall water recoveries (Table 1). Two-stage RO desalt-
ing is closer to a reversible process than single-stage; 
therefore, from a thermodynamic view point, less energy 
is required to separate the mixture (feed water). As an 
illustration, in the absence of energy recovery and with 
ηp = 1 and 100% salt rejection, the optimum water recov-
ery distribution for a two-stage process is found to be 
Y1,opt = Y2,opt = 1 –  tot1 Y−  where Ytot is the overall water 
recovery [2]. For example, at an overall water recovery 
of 90%, the SEC can be decreased up to 50% relative to a 
single-stage, if a two-stage process is selected, with Y1 = 
Y2 = 1 – 1 0.9 68.4%− = .

Although a two-stage process decreases the SEC, there 
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Fig. 7. Schematic of a simplified two-stage RO desalination system without energy recovery. 
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is an increase in the SMC [2]. The overall savings (energy 
savings from the use of a two-stage process minus addi-
tional membrane expenditure) normalized with respect 
to the feed osmotic pressure of two-stage desalting over 
single-stage (Sov

em) can be expressed in terms of a dimen-
sionless membrane cost parameter, mnorm = mA/(Lpπ0

2) as 
illustrated in Fig. 8. For example, mnorm ~ 0.01 for seawater 
desalination, suggesting that a two-stage process is likely 
to be more efficient.  However, for mildly brackish water 
desalination mnorm ~ 1 and thus a single-stage process 
would be appropriate at low water recoveries, while a 
two-stage process would be more desirable at high water 
recoveries. It must be noted that, when high water recov-
ery is desired, practical restrictions on the feed flow rate 
(e.g., the need to keep the retentate flow rate sufficiently 
high to avoid excessive rise in concentration polarization) 
may necessitate the use of two stages (with or without 
the use of an inter-stage booster pump) which may be in 
accordance or contrary to the cost optimization results. 
Clearly, if the membrane cost is low relative to the energy 
cost, then a two-stage process will always be desirable for 
reducing the energy cost. 

Table 1
Energy savings of a two-stage RO process over single-stage(a) 

Ytot (SECtr
two stage)min/π0 (SECtr

single stage)min/π0 Fractional 
energy recovery

99% 19.2 101.0 81%
90% 5.9 11.1 47%
68% 3.7 4.6 19%

(a) without energy recovery (ηE = 0), with an ideal pump 
(ηp = 1), and 100% salt rejection

Fig. 8. Overall cost savings (normalized with respect to the 
feed osmotic pressure) due to the adoption of two-stage over 
single-stage RO system, considering both energy and mem-
brane costs [2].

3.2. Two-pass membrane desalting

The use of a two-pass membrane desalting (Fig. 9) 
process is beneficial when rejection of the target solute 
cannot be accomplished in a single-pass. There have 
been suggestions that a two-pass operation can reduce 
the specific energy consumption of membrane desalina-
tion [9]. In contrast, recent work on the optimization of 
the two-pass process demonstrated that, from an energy 
consumption viewpoint, the optimal operation of a single-
pass process will always result in a lower SEC relative to 
a two-pass process. 

As an illustration, Fig. 10 shows that a two-pass 
process, with an ideal ERD (ηE = 1) targeting 50% water 
recovery and 99% salt rejection, requires higher SEC than 
a single-stage process (also with an ideal ERD) that tar-
gets the same water recovery and salt rejection. Retentate 
recycling from the second pass (Fig. 10) to the first-pass 
feed can reduce the two-pass energy consumption, but 
cannot increase energy efficiency of the two-pass process 
above that of the optimal single-pass process [5]. The 
above behavior can be understood noting that SEC is 
more sensitive to water recovery than salt rejection (ΔP ≥ 
Δπexit = π0R / (1 – Y)). In order to obtain the same overall 
recovery in a two-pass process as in a single-pass process, 
water recoveries in each pass of the two-pass process will 
be greater than the recovery in the single-pass process. For 
example, if the water recoveries in the first and second-
passes are both 70%, the overall recovery would be only 
49% (i.e., Ytotal = Y1Y2), which would then also be the target 
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Figure 9. Schematic representation of a two-pass membrane desalting process with recycling of the 
concentrate (i.e., retentate) stream of the second-pass to the feed stream of the first-pass. The region 
inside the dashed border is a two-pass membrane desalting process without retentate recycling. 

Fig. 9. Schematic representation of a two-pass membrane de-
salting process with recycling of the concentrate (i.e., retentate) 
stream of the second-pass to the feed stream of the first-pass. 
The region inside the dashed border is a two-pass membrane 
desalting process without retentate recycling.
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Fig. 10. Variation of normalized SEC of a two-pass membrane desalination process at the limit of the thermodynamic restriction 
(with ERDs of 95% efficiency in each pass and pumps of 100% efficiency) with respect to salt rejection and water recovery in 
the first-pass. The target water recovery and salt rejection are 50% and 99%, respectively. The plot is truncated at a normalized 
SEC value of 5 in order to zoom in on the lower SEC region [5].

recovery for the single-pass process. The osmotic pres-
sure of the retentate stream increases dramatically with 
water recovery (see inset in Fig. 6); thus, the required 
pressure is about 70% higher for the two-pass process. 
Although salt rejection is lower in the first pass of the 
two-pass process relative to a single-pass process, this 
benefit cannot overcome the osmotic pressure increase 
with the increased water recovery [5]. 

Detailed analysis of two-pass optimization can be 
found elsewhere [5] where the impact of pump and en-

Fig. 11. Schematic of a brine treatment process for RO concentrate volume reduction from a primary RO desalting process. Brine 
treatment process consists of intermediate concentrate demineralization (ICD) via chemical precipitation and microfiltration 
(MF), followed by secondary RO desalting.

ergy recovery efficiencies, membrane rejection, and the 
possibility of retentate recycling from the second to the 
first pass have been considered. The results reveal that 
if the desired overall salt rejection can be achieved in 
a single-pass process, then a single-pass configuration 
should be chosen (Fig. 2). However, if such a membrane 
is unavailable to achieve the desired rejection in a single-
pass, then a two-pass configuration is the viable alterna-
tive. In the latter case, the lowest energy consumption 
is attained when the first-pass uses a membrane of the 
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highest available salt rejection. Clearly, factors that affect 
the cost of membrane desalination such as pumping of 
feed water from the source to the plant, feed pretreat-
ment (including antiscalant usage), equipment cost, post 
treatment and financial charges could all impact process 
optimization. Inclusion of the above additional costs 
may alter the optimal water recovery for achieving the 
minimum SEC. Notwithstanding, the general conclusion 
remains that two-pass desalting is less energy efficient 
than single-pass desalting. The above suggests that 
there should be a significant incentive for developing 
RO membranes with improved rejection for specific ions 
(e.g., boron) that are currently difficult to remove via a 
single-pass desalting operation.

4. Brine management of RO concentrate: brine treatment 
and disposal

The cost of brine management increases the overall 
water production cost and in turn the minimum water 
production cost shifts to higher recoveries. In brackish wa-
ter desalting, the maximum achievable water recovery is 
often below optimal levels due to the limited effectiveness 
of conventional feed water conditioning methods (e.g., 
antiscalant treatment and/or pH adjustment) in mitigat-
ing membrane scaling by sparingly soluble mineral salts 
(e.g., calcium sulfate, calcium carbonate, barium sulfate, 
etc.). In such cases, a brine treatment process (Fig. 11) 
can be integrated with the RO process to remove mineral 
scale precursors (e.g., calcium, sulfate, carbonate, etc.) as 
mineral salts (e.g., CaCO3, gypsum, etc.), thus enabling 
additional product water production from the primary 
RO (PRO) concentrate in a subsequent secondary RO 
(SRO) step. The integration of a brine treatment process 
(Fig. 11) represents an additional cost that, along with the 
brine disposal cost, adds to the overall brine management 
cost that needs to be considered in the optimization of 
the overall desalination process.

Previous laboratory and field studies have demon-
strated a brine treatment process that can enhance the 
overall water recovery level of brackish water desalting 
to ≥95% [10,11]. In this particular process, an intermediate 
concentrate demineralization (ICD) step removes mineral 
scale precursors from the primary RO concentrate stream 
via chemical precipitation and subsequent microfiltra-
tion. The process involves continuous dosing of alkaline 
chemicals (e.g., caustic, soda-ash, and/or lime) for induc-
ing CaCO3 precipitation in a solids-contact reactor. As cal-
cium and carbonate ions react to generate CaCO3 solids, 
co-precipitation processes may occur, which may lead 
to the removal of other scale precursors such as barium, 
strontium, and silica [10,11]. Subsequent to solids removal 
via sedimentation and microfiltration, the demineralized 
PRO concentrate is desalted in a secondary RO (SRO) 
step in order to recover product water and thus reduce 
the volume of the residual brine that must be disposed. 

Overall, the primary function of the ICD step is to suf-
ficiently remove mineral scale precursors and thus lower 
the levels of mineral saturation indices (SIx = IAP/Ksp, 
where IAP and Ksp are the activity and solubility products 
for ions that can form mineral salt x, respectively) in the 
primary RO concentrate.  The extent of reductions of the 
mineral saturation indices determine the achievable water 
recovery level in the SRO desalting step as limited by the 
effectiveness of any additional antiscalant treatment to 
mitigate membrane mineral scaling.

The operating cost of brine treatment for SRO desalt-
ing at a given water recovery level depends primarily on 
the costs of alkaline chemical usage in the ICD step, elec-
trical energy consumption and antiscalant dosage in the 
SRO desalting step, and disposal or additional treatment 
of the final residual brine. Additional costs include electri-
cal energy consumption for MF operation and membrane 
replacement costs for both MF and SRO. In order to dem-
onstrate the effects of brine treatment and disposal costs 
on the overall brine management cost, a specific case is 
presented of RO desalting of agricultural drainage (AD) 
source water in the San Joaquin Valley, CA. The analy-
sis is presented for a specific field AD source of about 
8,500 mg/L of total dissolved solids, consisting primarily 
of calcium (492 mg/L), magnesium (255 mg/L), sodium 
(1,810 mg/L), sulfate (4,080 mg/L), chloride (1,235 mg/L), 
and bicarbonate (274 mg/L). The gypsum (SIg) and calcite 
(SIc) saturation indices of the source water were 0.93 and 
3.34 (at a pH of 7.5), respectively, as calculated using a 
rigorous multi-electrolyte speciation program [12]. Given 
that antiscalant treatment is typically recommended up 
to SIg,max and SIc,max of about 2.3 and 60 (i.e, LSI  +1.8) 
[13] in the RO concentrate, respectively, mineral solubil-
ity calculations using the approach of Rahardianto et al. 
[11,14] reveal that, for this water composition, primary 
RO water recovery level would be limited to ≤58%, with 
antiscalant treatment effectiveness against gypsum scal-
ing as the primary limiting constraint (i.e., SIg,max). Further 
analysis also indicates that, depending on the alkaline 
dose (e.g., soda-ash) utilized for precipitating CaCO3, the 
brine treatment process would allow recovering product 
water at a level that, in principle, can reach recovery above 
88% (i.e., the SRO water recovery level) and is therefore 
able to enhance the overall water recovery level to above 
95% (Fig. 12). In order to simplify the economic analysis, 
complete salt rejection is assumed and the constraint on 
the allowable maximum SIg level SRO concentrate (i.e., 
SIg,max = 2.3) are set to be the same as for the PRO con-
centrate, consistent with the recovery limit enabled with 
antiscalant usage. In establishing a reasonable basis for 
antiscalant dosage requirements, it is assumed that a 3 
mg/L of antiscalant concentration (on a total dissolved 
solids content basis) in the PRO and SRO concentrate 
streams, maintained by continuous antiscalant dosing in 
the PRO and SRO feed streams,  is sufficient for effective 
suppression of membrane mineral scaling up to SIg,max 
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level of 2.3. This assumption is consistent with the results 
of previous antiscalant testing using model solutions of 
San Joaquin Valley AD water [14,15].

Utilizing the results from the above mineral solu-
bility analysis, the relevant cost of consumables in the 
brine treatment process can be estimated over a range 
of overall water recovery levels, utilizing the reason-
able baseline prices listed in Table 2 and assuming 
single-stage operation of SRO desalting at the limit of 
thermodynamic restriction. As expected, soda ash and 
electrical energy consumption rise with increasing overall 
water recovery (Fig. 13) due to the increase in calcium 
removal (for ICD) and applied pressure requirements 
(for SRO desalting), respectively. Both antiscalant usage 
and RO membrane replacement costs (Fig. 13), however, 
decrease with increasing overall recovery level due to the 
reduction of RO concentrate volume and RO membrane 
surface area requirement (assuming water permeability 
of 10–8 m/s-kPa), respectively. MF operational costs (i.e., 
MF membrane replacement and electricity consumption 
for MF driving pressure of 1 bar) for the above process 
is minimal, being less than 2.5% of the overall brine 
treatment cost. Overall, soda ash and electrical energy 
consumption, the two largest cost components, control 
the trend of the brine treatment operating cost curve. At 
the baseline price level of consumables, brine treatment 
cost increases almost six-fold from $0.10 to $0.57 per m3 
of product water with increasing level of overall water 
recovery from 60% to 98%. 

With increasing level of brine treatment (i.e., soda ash 
dose and SRO desalting water recovery level), antiscalant 
treatment to mitigate gypsum scaling becomes effective 
over an increasingly wider range of overall water recov-

Fig. 12. The relationship between soda ash dose for calcium 
removal (as CaCO3) in the intermediate concentrate deminer-
alization (ICD) step of brine treatment and the corresponding 
enhancement of the overall desalination system water recovery 
due to secondary RO (SRO) desalting.  The calculations assume 
a maximum gypsum saturation index (SIg,max) level of 2.3 in 
the SRO concentrate as a constraint for effective antiscalant 
treatment against membrane scaling. 

ery levels, enabling reductions of brine volume and thus 
the associated disposal cost. The optimal overall water 
recovery level that minimizes the brine management cost 
is therefore a tradeoff between brine treatment and dis-
posal costs. As an example, brine disposal by deep-well 
injection in the San Joaquin Valley has been previously 
estimated at $0.8 per m3 of brine [16]. For this specific 
case, the minimum brine management cost is reached 
at an overall water recovery of 92%, with a cost of $0.36/
m3-product (Fig. 14) assuming the baseline price level of 
consumables (Table 2).  

The effects of the price of consumables and brine dis-
posal cost are shown in Figs. 15 and 16. At the baseline 
price level of consumables, there is a minimum brine 
disposal price that determines the economic feasibility 
of brine treatment. Below a brine disposal price level of 
~$0.3/m3, for example, there is little incentive for brine 
treatment because the overall brine management cost 
increases monotonically with increasing product water 
recovery (Fig. 15). Above ~$0.3/m3, the brine disposal 

Table 2
Values of baseline, low, and high price levels of consumables 
employed the analysis of operating cost for brine treatment

Consumables Baseline Low High

Soda ash, $/kg 180 100 300
Antiscalant, $/kg-solids 30 10 50
Electricity, $/kWh 0.1 0.05 0.2
RO membrane replacement, $/m2-y 2.4 1 5
MF membrane replacement, $/m2-y 4.2 2 14

Fig. 13. Calculated costs of brine treatment components (in 
intermediate concentrate demineralization and secondary RO 
desalting) over a range of overall desalination system (primary 
RO and secondary RO) water recovery levels. The calcula-
tions assume baseline price level of consumables (Table 2) 
and single-stage RO desalting at the limit of thermodynamic 
restriction.
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cost becomes sufficiently high to overcome brine treat-
ment cost. In this case, the optimal overall water recovery 
level is above that of primary RO desalting (i.e., >58%) 
and shifts to higher levels with increasing cost of brine 
disposal. The cost of consumables has a major impact 
on the brine treatment cost and, as these costs increase, 
the optimal water recovery decreases (Fig. 16). From an 
operational viewpoint, it is emphasized that the osmotic 

Fig. 14. Brine treatment and disposal cost components of brine 
management cost over a range of overall desalination system 
(primary RO and secondary RO) water recovery levels. The 
calculation results are for a brine disposal cost of $0.8/m3-brine 
and for the baseline price level of consumables (Table 2). 

Fig. 15. Brine management cost over a range of overall desalina-
tion system (primary RO and secondary RO) water recovery 
levels and brine disposal cost ($/m3-brine), with and without 
using energy recovery device (ERD) in secondary RO desalt-
ing. The calculations assume single-stage RO desalting at the 
limit of thermodynamic restriction, with consumables at the 
baseline price level (Table 2).
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pressure of the SRO concentrate imposes an additional 
constraint on the overall water recovery level since com-
mercial membrane elements are typically limited to 
maximum operating pressures ≤ 82 bar (1200 psi). This 
limitation imposes a restriction on the maximum allow-
able SRO water recovery level of ~88% for the present 
example, which corresponds to a maximum allowable 
overall water recovery of ~95%. Furthermore, it is noted 
that the use of an energy recovery device (ERD) in SRO 
desalting would have little impact on the overall brine 
management cost primarily due to high recovery opera-
tion and the high cost of soda-ash relative to electrical 
energy consumption.

For the present analysis, the cost of PRO desalting 
(at 58% recovery) of the AD source water is estimated 
at $0.14/m3-product. With brine disposal via deep-well 
injection at a price level of $0.8/m3-brine, the overall 
desalination operating cost of $0.45/m3-product (i.e., 
brine management cost of $0.36/m3-product; Fig. 16) is 
moderately high at the optimal water recovery level of 
92%. At an estimated price of $3/m3-brine [17], the use of 
zero-liquid-discharge (ZLD) for brine disposal does not 
appear to be cost effective at an overall operating cost 
of ~$0.58/m3-product, given a brine management cost 
of $0.50/m3-product at the optimal RO water recovery 
level of 95% (Fig. 16). This clearly demonstrates that 
cost-effective brine management strategies are crucial 
to achieving lower cost and high recovery operation of 
brackish water desalting, including less chemical-inten-

Fig. 16. The impact of different levels of consumables price 
(baseline, low, and high price levels of electricity, soda ash, 
antiscalant, and RO and MF membrane replacements; Table 2) 
on brine management cost over a range of overall desalination 
system (primary and secondary RO desalting) water recovery 
levels. The calculations assume single-stage RO desalting at 
the limit of thermodynamic restriction.
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sive brine treatment processes and expanded options for 
brine disposal. A promising brine treatment process that 
is less chemical-intensive and is suitable for the type of 
AD water considered in the above analysis is currently 
under development [14].

5. Summary

Reverse osmosis (RO) water desalination is now well 
established as a mature water desalination technology. 
Current low pressure RO membranes have made it 
economically and technically feasible to desalt brackish 
water and seawater on a large scale. In order to reduce 
process energy consumption and decrease the volume 
of generated concentrate stream (primarily for inland 
water desalination), product water recovery must be 
optimized while keeping the overall water production 
cost at a reasonable level. To meet this challenge, a 
multi-pronged approach to improving the efficiency of 
reverses osmosis desalination is needed. For example, the 
optimal recovery for minimizing water production cost 
can be derived from a rigorous theoretical framework 
considering the costs of energy (with and without energy 
recovery devices), membranes, and brine management. 
The topological arrangement of the membrane modules 
(e.g., single stage, multi-stage and multi-pass processes) 
is also an important consideration when optimizing the 
cost of the RO process. The cost of brine management 
is a driver that governs the need (or incentive) for high 
recovery desalting which is an issue that generally arises 
for inland water desalting. Brine treatment (e.g., via in-
termediate concentrate demineralization and secondary 
RO desalting) with subsequent secondary RO desalting 
is one potential approach to increasing overall product 
water recovery. Optimization of such an integrated pro-
cess must consider the water recovery constraint imposed 
by antiscalant treatment effectiveness and the associated 
brine management challenge. Overall, the present analy-
sis suggests that significant reduction in the cost of RO 
water desalination can emerge from the development 
of membranes of greater fouling and scaling resistance, 
process optimization configuration and control schemes 
(e.g., to account for variable feed quality [7] and even 
fluctuation of electrical energy purchasing price), utili-
zation of low-cost alternative energy sources, as well as 
effective and less-chemical intensive feed pretreatment 
and brine treatment.
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